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SALIVARY GLAND DYSFUNCTION affects millions of Americans whose quality of life is severely impacted by dry mouth, oral bacterial infections, poor nutrition, and other disorders that are associated with decreased saliva production (4) . Loss of saliva production is most common in Sjögren's syndrome (SS), an autoimmune exocrinopathy of unknown etiology in which decreased saliva production is followed by lymphocytic infiltration of the salivary glands and ultimately tissue degeneration (28, 29) . In addition, salivary gland inflammation and hyposalivation are unintended consequences of ␥-radiation therapy administered to ϳ60,000 head and neck cancer patients in the U.S. annually (4, 27) . Chronic inflammation resulting from lymphocytic infiltration of salivary glands is a major characteristic of salivary gland dysfunction (4, 28, 29) , although the initiating mechanisms have not been clearly defined. Understanding these inflammatory mechanisms will help elucidate currently unavailable therapeutic options to prevent salivary gland dysfunction.
Accumulating evidence indicates that extracellular ATP (eATP) can act as a host-derived danger signal or damageassociated molecular pattern (19, 74, 92) that is capable of initiating inflammatory responses in a variety of cell and tissue types (8, 25, 46, 74, 83, 84, 107) . Under physiological conditions, the concentration of eATP is tightly regulated, but under pathological conditions (i.e., stress, trauma, or inflammation) high levels of ATP are released into the extracellular milieu. Several subtypes of receptors for adenine and/or uridine nucleotides (i.e., ionotropic P2X receptors and metabotropic P2Y receptors) have been associated with inflammatory mechanisms (2, 6, 48, 100, 101) , and the P2X7 receptor subtype (P2X7R) is strongly implicated in inflammatory effects initiated by eATP, in part due to its activation requirement of high concentrations of eATP (Ͼ100 M) associated with inflammation (46) or cell apoptosis (21, 26, 71) .
Brief activation of the P2X7R with ATP or the high affinity agonist 3=-O-(4-benzoyl)benzoyl-ATP (BzATP) results in the opening of nonselective cation channels the sustained activation of which induces mitochondrial and plasma membrane depolarization, the formation of plasma membrane pores that promote extracellular release of nucleotides, plasma membrane blebbing, production of reactive oxygen species, and ultimately cell death (1, 8, 23, 32, 46, 57, 76, 79, 103, 104, 106) . In addition, P2X7R activation leads to the release of proinflammatory cytokines, predominantly interleukin-1␤ (IL-1␤), via increased caspase-1 activity, a key component of the inflammatory cascade regulated by the assembly of the intracellular complex known as the "inflammasome" (19, 46, 94) . Several studies (11, 42, 47, 51) using in vivo mouse models of inflammation have shown that mice deficient in the P2X7R (P2X7R Ϫ/Ϫ ) exhibit a decreased inflammatory response. In models of lung inflammation, P2X7R
Ϫ/Ϫ mice displayed dramatically reduced inflammation and inflammation-mediated pulmonary fibrosis (47) . In mouse models of chronic inflammation and neuropathic pain, hypersensitivity to pain stimuli was completely absent in P2X7R Ϫ/Ϫ mice (11) . These studies suggest that the P2X7R is a potential therapeutic target in inflammatory diseases as evidenced by phase I and II clinical trials using selective P2X7R antagonists to treat rheumatoid arthritis and inflammatory bowel disease (3, 30) . These recent findings have spurred interest in elucidating the role of the P2X7R in other inflammatory diseases.
The P2X7R is expressed in a variety of tissues, including the central nervous system, hematopoietic cells of the bone mar-row, and various epithelial tissues among others (14, 39, 59, 84) . In salivary gland epithelium, the P2X7R is thought to play a physiological role in controlling saliva secretion. Several studies (58, 60, 68, 80) using freshly dispersed cells from rodent salivary glands or salivary gland cell lines have demonstrated that ATP or BzATP causes a characteristic P2X7R-mediated Ca 2ϩ influx resulting in a sustained increase in the intracellular calcium concentration ([Ca 2ϩ ] i ) a response that promotes saliva secretion (53) . Also, a recent study by Nakamoto et al. (58) used ex vivo perfused submandibular gland (SMG) preparations to show that ATP can initiate saliva flow in wild-type, but not P2X7R Ϫ/Ϫ , mice. Other studies (58, 60) indicate that P2X7R activation in salivary glands can inhibit cholinergic receptor-mediated saliva secretion, suggesting that increased activation or expression of the P2X7R could contribute to hyposalivation. The proinflammatory effects of P2X7R activation in the salivary gland have not been well investigated, although it has been shown that ATP or BzATP treatment of rat parotid Par C5 cells induces membrane blebbing (35) , a hallmark of apoptotic cell death, and degradation of the cytoskeletal protein ␣-fodrin (36), a putative autoantigen associated with SS (54) . At the time of this writing, there have been no reports investigating the role of the P2X7R in an in vivo model of salivary gland inflammation.
In this study, we characterize the proinflammatory role of P2X7R activation in freshly dispersed mouse SMG cell aggregates and in mice in which the SMG excretory duct has been ligated, an in vivo model of acute salivary gland inflammation. Our data suggest that P2X7R activation in mouse SMG induces proinflammatory responses and cell apoptosis, suggesting that the P2X7R could play a role in the pathogenesis of salivary gland inflammation associated with SS or ␥-radiation-induced damaged of salivary glands.
MATERIALS AND METHODS
Reagents. Culture media, penicillin-streptomycin 100ϫ solution, Texas Red goat anti-rat IgG antibody, AlexaFluor 488 goat anti-rabbit antibody, Hoescht 33258 nuclear stain, and TRIzol reagent were obtained from Life Technologies (Grand Island, NY). All other reagents were purchased from Sigma-Aldrich (St. Louis, MO), unless stated otherwise.
Mice. C57BL/6 (stock no. 005304) and P2X7R Ϫ/Ϫ (stock no. 005576) mice were purchased from Jackson Laboratories (Bar Harbor, ME) and bred at the Christopher S. Bond Life Sciences Center Animal Facility of the University of Missouri (Columbia, MO). Animals were housed in vented cages with 12-h light-dark cycles and received food and water ad libitum. Age-matched 6-to 8-wk-old male mice were utilized for all experiments. All mice experimental procedures were reviewed and conducted under the strict guidelines and approval of the University of Missouri Institutional Animal Care and Use Committee.
Preparation of dispersed cell aggregates from mouse SMG. Dispersed cell aggregates from wild-type C57BL/6 or P2X7R Ϫ/Ϫ mouse SMG were prepared, as previously described (78) . Briefly, eight mice were anesthetized with isoflurane in a chamber and euthanized by cervical dislocation. SMGs were excised and minced in dispersion media [1:1 DMEM:Ham's F-12 media containing 50 U/ml collagenase (Worthington Biochemical, Lakewood, NJ), 400 U/ml hyaluronidase, 1% (wt/vol) BSA, and 0.2 mM CaCl 2]. Then, minced SMGs were incubated in dispersion media in a shaking water bath at 37°C under 95% air-5% CO2 for 40 min with further dispersion by pipetting at 20, 30, and 40 min. Dispersed SMG aggregates were washed three times in assay buffer [120 mM NaCl, 4 mM KCl, 1.2 mM KH 2PO4, 1.2 mM MgSO 4, 1 mM CaCl2, 10 mM glucose, 15 mM HEPES, and 1% (wt/vol) BSA pH 7.4], filtered through a 100-m cell strainer (Fisher Scientific, St. Louis, MO), and resuspended in serum-free 1:1 DMEM:Ham's F-12 media containing 100 U/ml penicillin and 100 g/ml streptomycin. Dispersed cell aggregates were incubated for 2 h at 37°C under 95% air-5% CO 2 before further procedures were performed.
SDS-PAGE and Western blot analysis. For measurement of P2X7R levels, whole SMGs were excised and homogenized in T-PER tissue protein extraction reagent (Thermo Scientific, Rockford, IL). Samples were centrifuged at 10,000 g for 5 min to pellet cellular debris, and supernatants were collected. Samples were normalized for protein concentration using a NanoDrop 1000 spectrophotometer, combined 1:1 with 2ϫ Laemmli buffer [20 mM sodium phosphate, pH 7.0, 20% (vol/vol) glycerol, 4% (wt/vol) SDS, 0.01% (wt/vol) bromophenol blue, and 100 mM dithiothreitol] and analyzed by Western blot analysis, as previously described (73) . Briefly, samples were subjected to 7.5% (wt/vol) SDS-PAGE and transferred to nitrocellulose membranes. Membranes were blocked for 1 h with 5% (wt/vol) nonfat dry milk in TBS containing 0.1% (vol/vol) Tween-20 (TBST) and incubated overnight at 4°C with rabbit anti-P2X7R antibody (1:1,000 dilution in TBST; Alomone, Jerusalem, Israel) or rabbit anti-ERK1/2 antibody (1:5,000 dilution in TBST; Santa Cruz Biotechnology, Santa Cruz, CA). Membranes were washed three times in TBST and incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG antibody (1:2,000 dilution in TBST; Santa Cruz Biotechnology) at room temperature for 1 h. Then, blots were washed three times in TBST and incubated in enhanced chemiluminescent reagent (Thermo Scientific) for 1 min. Protein bands were detected on X-ray film and quantified using a computer-driven scanner and Quantity One software (Bio-Rad, Hercules, CA).
Immunofluorescence microscopy. Whole SMGs were excised and immediately placed in 2-methylbutane and frozen in liquid nitrogen. SMGs were then equilibrated to Ϫ20°C before 5-m sections were cut using a Leica CM1900 cryostat. Sections were adhered to microscope slides and allowed to fully air dry before being analyzed by immunofluorescence. All steps were carried out at room temperature unless otherwise noted. Samples were fixed with 4% (vol/vol) paraformaldehyde in PBS, pH 7.4, for 20 min and then washed three times in PBS. Samples were then treated for 5 min with 0.1% (vol/vol) Triton X-100 in PBS followed by three washes in PBS. To block nonspecific antibody binding, sections were incubated in blocking buffer containing 5% (vol/vol) goat serum, 10 M digitonin, and 0.3 M glycine for 2 h. Then, sections were incubated for 16 h at 4°C in blocking buffer containing rat anti-P2X7R antibody (1:50 dilution in blocking buffer; Enzo Life Sciences, Farmingdale, NY) and/or rabbit anti-aquaporin 5 antibody (1:1,000 dilution in blocking buffer; EMD Biosciences, San Diego, CA). Following three washes in PBS, sections were incubated for 1 h in blocking buffer containing Texas Red goat anti-rat IgG antibody and/or AlexaFluor 488 goat anti-rabbit IgG antibody, both diluted 1:1,000 in blocking buffer. Following three washes in PBS, sections were incubated for 5 min in Hoechst 33258 nuclear stain diluted 1:5,000 in PBS. Slides were washed three times in PBS and mounted. Fluorescence was visualized using a Nikon TI-E inverted microscope equipped with appropriate filters.
Real-time brightfield microscopy. Dispersed SMG aggregates from wild-type or P2X7R Ϫ/Ϫ mice were adhered to chambered coverslips using Cell-Tak cell adhesive (BD Biosciences, Bedford, MA) per the manufacturer's protocol and kept in serum-free 1:1 DMEM:Ham's F-12 media containing 100 U/ml penicillin and 100 g/ml streptomycin. ATP was prepared in the same media, and pH was neutralized before addition to cells at a final concentration of 3 mM. Following ATP addition, cells were imaged in real time on a Nikon TI-E inverted microscope equipped with a humidified incubation chamber maintained at 37°C with 95% air and 5% CO2.
Single (78) . Briefly, dispersed SMG cell aggregates from wild-type or P2X7R Ϫ/Ϫ mice were adhered to chambered coverslips using Cell-Tak cell adhesive and loaded with the Ca 2ϩ -sensitive fluorescent dye fura 2-AM (EMD Biosciences) diluted to 2 M in assay buffer containing 0.1% (wt/vol) BSA for 30 min at 37°C followed by a 30-min incubation in the absence of fura 2-AM. Then, cells were incubated with 3 mM ATP, pH 7, and changes in the 340/380 nm excitation fluorescence ratio (505 nm emission) were detected using an InCyt dual-wavelength fluorescence imaging system (Intracellular Imaging, Cincinnati, OH). Resulting fluorescence ratios were converted to [Ca 2ϩ ]i (nM) using a standard curve created with solutions containing known concentrations of Ca 2ϩ . Measurement of extracellular cleaved ␣-fodrin. Equal numbers of dispersed SMG cell aggregates were aliquoted into wells of a 12-well plate and incubated with pH neutralized 3 mM ATP, 0.3 mM BzATP, or vehicle for 3 h at 37°C. Cell supernatants (1 ml) were collected and concentrated to 50 l by centrifugation in a 10-kDa centrifugal filter (Millipore, Billerica, MA) for 5 min at 14,000 g. Samples were combined 4:1 with 5ϫ Laemmli buffer and subjected to immunoblot analysis, as described above, using rabbit anti-␣-fodrin antibody (1:1,000 dilution in TBST; Abcam, Cambridge, MA) and horseradish peroxidase-conjugated goat anti-rabbit IgG antibody (1:2,000 dilution in TBST).
Measurement of caspase activity. Equal numbers of dispersed SMG cell aggregates were aliquoted into wells of a 12-well plate and incubated with pH neutralized 3 mM ATP, 0.3 mM BzATP, or vehicle for 3 h at 37°C. Caspase activity was measured using the caspase-1/ ICE or caspase-3/CPP32 fluorometric assay kit (BioVision, Milpitas, CA), as per the manufacturer's instructions. Briefly, cell aggregates were pelleted by centrifugation for 1 min at 200 g, resuspended in chilled cell lysis buffer provided in the kit, and incubated on ice for 10 min. Provided reaction buffer containing 10 mM dithiothreitol and 50 M caspase-1 substrate [YVAD-(7-amino-4-trifluoromethyl coumarin)] or caspase-3 substrate [DEVD-(7-amino-4-trifluoromethyl coumarin)] was added to the cell lysate, and samples were incubated at 37°C for 1 h. Samples were transferred to wells of a 96-well plate, and caspase activity was assessed by measuring changes in kitprovided caspase substrate fluorescence (400 nm excitation; 505 nm emission) using an EnSpire 2300 multi-label plate reader. Additionally, SMG cell aggregates were aliquoted into wells of a 12-well plate and incubated at pH 7 with 3 mM ATP, 0.3 mM BzATP, 1 M staurosporine, or vehicle for 24 h at 37°C. Cells were collected in T-PER tissue protein extraction reagent and subjected to immunoblot analysis, as described above, using rabbit anti-caspase-1 antibody (1:1,000 dilution in TBST; Abcam) or rabbit anti-cleaved caspase-3 antibody (1:1,000 dilution in TBST; Cell Signaling, Danvers, MA) and horseradish peroxidase-conjugated goat anti-rabbit IgG antibody (1:2,000 dilution in TBST).
Retrograde perfusion and ligation of the SMG main excretory duct. A procedure for unilateral ligation of the SMG main excretory duct (2) was modified to include retrograde perfusion of BzATP. Wild-type or P2X7R
Ϫ/Ϫ mice were anesthetized by intraperitoneal injection with Avertin (0.75 mg/g mouse weight), and the main excretory duct on one side of the neck was dissected and separated from surrounding connective tissue under a surgical stereoscope. PE10 polyethylene tubing was stretched over a flame to create a catheter that was attached to a 3/10 cc insulin syringe with a 29-gauge needle. The catheter was inserted into the main excretory duct at a point ϳ7-mm distal to the gland hilum, and 20 l of 3 mM BzATP were slowly perfused over a 2-min period into the gland. Following perfusion, the main excretory duct was ligated proximal to catheter insertion using surgical sutures with particular care taken to avoid ligation of surrounding blood vessels and nerves. The incision was closed using surgical clamps, and the mice were allowed to recover. After 24 h, mice were anesthetized with isoflurane in a chamber and euthanized by cervical dislocation. Perfused ligated glands and contralateral control glands were excised and processed for the terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay, immunohistochemistry, or real-time PCR (RT-PCR) as described below.
Detection of apoptotic cells in SMG. Apoptotic cells in BzATPperfused/ligated and contralateral control SMGs were detected using the TUNEL-based in situ cell death detection kit (Roche Applied Science, Indianapolis, IN) with slight modifications to the manufacturer's instructions. Frozen SMG sections were prepared, as described above for immunofluorescence microscopy. Sections were fixed in 4% (vol/vol) paraformaldehyde at room temperature for 20 min followed by three washes in PBS. Sections were placed in permeabilization solution [0.2% (vol/vol) Triton X-100 and 0.1% (wt/vol) sodium citrate] on ice for 10 min followed by three washes in PBS. TUNEL reaction mixture (50 l) was placed on each section, and slides were incubated in a humidified chamber at 37°C for 1 h. Samples were washed three times in PBS, mounted, and analyzed by fluorescence microscopy (488-nm excitation, 525-nm emission). TUNELpositive apoptotic cells were detected by fluorescein-conjugated dUTP incorporation into DNA strand breaks. The number of apoptotic cells in each SMG section was quantified by counting TUNEL-positive cells in five randomly selected high-magnification fields.
Analysis of immune cell infiltration. Immune cell infiltration of BzATP-perfused/ligated and contralateral control glands from wildtype or P2X7R Ϫ/Ϫ mice was analyzed by immunohistochemistry and RT-PCR. For immunohistochemistry, glands were excised and placed in 4% (vol/vol) paraformaldehyde in PBS for 24 h at 4°C followed by 70% (vol/vol) ethanol for 24 h at 4°C. Glands were sent to IDEXX RADIL (Columbia, MO) where SMGs were embedded in paraffin, cut into 5-m sections, and stained with the neutrophil-specific antibody NIMP-R14 (1:200 dilution; Santa Cruz Biotechnology) or the monocyte/macrophage-specific mouse anti-CD68 antibody (1:200 dilution; Abcam). Images were captured on an Olympus Vanox brightfield microscope. For quantitative RT-PCR, glands were excised, homogenized in TRIzol reagent, and incubated at room temperature for 5 min. Chloroform (0.2 ml/ml TRIzol) was added, and the samples were incubated for 5 min at room temperature. The samples were spun at 12,000 g for 15 min at 4°C, and the resulting aqueous phase containing RNA was collected and DNA-free RNA was isolated using the RNeasy Plus Mini kit (Qiagen, Valencia, CA). cDNA was synthesized from 1 g of purified RNA using the Advantage RT for PCR kit (Clontech Laboratories, Mountain View, CA). TaqMan probes for CD45 (also known as protein tyrosine phosphatase receptor type C, a pan-immune cell marker), Fc gamma RIII (Fcgr3, a neutrophil marker), and IbaI (ionized calcium-binding adaptor molecule 1, a macrophage marker) were obtained from Applied Biosystems (Foster City, CA) and used for RT-PCR on an Applied Biosystems 7500 real-time PCR machine. Data were analyzed using Applied Biosystems software.
Statistical analysis. Quantitative results are presented as means Ϯ SE of data from three or more experiments. Statistical significance was defined as P Ͻ 0.05, as calculated by a two-tailed t-test using GraphPad Prism software.
RESULTS

P2X7R is expressed in acinar and ductal SMG cells of wild-type mice.
Salivary glands express several subtypes of purinergic P2 receptors, including metabotropic G-proteincoupled P2Y 1 and P2Y 2 receptors and ionotropic P2X4 and P2X7Rs (17, 97) . Previous studies (58, 60, 68) have reported the expression of the P2X7R in mouse parotid and submandibular glands where the P2X7R has been suggested to play a physiological role in the regulation of saliva secretion. Western blot analysis using a P2X7R-specific antibody confirmed the expression of the P2X7R (ϳ75 kDa) in whole SMG cell lysates prepared from wild-type mice, whereas the ϳ75 kDa band was absent in P2X7R
Ϫ/Ϫ mouse SMG (Fig. 1A) . Immunofluores-cence analysis of frozen SMG sections confirmed the presence of the P2X7R in acinar and ductal cells of wild-type, but not P2X7R Ϫ/Ϫ , mice (Fig. 1B) . To further investigate P2X7R localization in wild-type mouse SMG, we performed dual immunofluorescent staining using specific antibodies to the P2X7R and aquaporin 5, a water channel at the apical membrane of acinar cells in rodent SMGs (50) . Results indicate little colocalization of P2X7R-and aquaporin 5-specific staining (Fig. 1C) , suggesting that the P2X7R is primarily localized to the basolateral membrane in acinar cells. Furthermore, the absence of P2X7R-specific staining near the ductal lumen (Fig.  1C) (69) and is an early indicator of cell apoptosis (22) . Previous studies (35, 57, 63, 66, 69, 76, 108) have shown that prolonged activation of P2X7Rs can result in extensive membrane blebbing and eventual cell death. To evaluate whether P2X7R activation causes membrane blebbing in mouse SMG, freshly prepared SMG cell aggregates from wild-type or P2X7R
Ϫ/Ϫ mice were stimulated with 3 mM ATP (Figs. 2, A and B) or 0.3 mM BzATP (not shown) and membrane blebbing was monitored by real-time brightfield microscopy, as described in MATERIALS AND METHODS. Within 30 s of ATP treatment, membrane blebs (arrows) began to form in wild-type SMG cells ( Fig. 2A) but not in SMG cells from P2X7R Ϫ/Ϫ mice (Fig. 2B) , and extensive membrane blebbing was evident in ATP-treated wild-type SMG cells within 3-5 min ( Fig. 2A) . Since sustained increases in [Ca 2ϩ ] i have been linked to cell death (93), we tested whether treatment of wild-type SMG cells with 3 mM ATP (Fig. 2C) ] i seen in ATP-treated cells from P2X7R Ϫ/Ϫ mice may be due to the presence of other P2 receptor subtypes known to be expressed in mouse SMG cells, e.g., P2X4R (58, 97) . Collectively, these data suggest that prolonged P2X7R-mediated increases in [Ca 2ϩ ] i in salivary epithelial cells lead to membrane blebbing associated with cell apoptosis.
ATP or BzATP induces the release of cleaved ␣-fodrin in SMG cell aggregates from wild-type, but not P2X7R
Ϫ/Ϫ , mice. P2X7R-mediated membrane blebbing has been shown to induce the release of microvesicles or microparticles containing a variety of components, including cytokines, soluble proteins, and plasma membrane-derived fragments (56, 67, 69, 70, 72, 91) . One of these plasma membrane-derived fragments is ␣-fodrin (also known as SPTAN1), a member of the spectrin family of cytoskeletal proteins that stabilize the plasma membrane (9) . The cleavage of ␣-fodrin by proteases is known to occur in response to apoptotic stimuli (37) , and the resulting NH 2 -terminal 120-kDa fragment (cleaved ␣-fodrin) has been suggested to be an autoantigen related to the development of SS (54) . To test the hypothesis that P2X7R activation induces the cleavage and release of ␣-fodrin from SMG cells, we collected cell supernatants from freshly isolated wild-type or P2X7R
Ϫ/Ϫ SMG cell aggregates treated with 3 mM ATP, 0.3 mM BzATP, or vehicle (basal), as described in MATERIALS AND METHODS. Western blot analysis revealed that treatment of wild-type SMG cell aggregates with ATP or BzATP significantly increased the concentration of cleaved ␣-fodrin in the cell supernatant relative to untreated cells, whereas this response was absent in P2X7R
Ϫ/Ϫ cells (Fig. 3) . These results are consistent with previous studies in the parotid cell line Par Ϫ/Ϫ mice were excised, homogenized in lysis buffer, and subjected to immunoblot analysis (A) using an anti-P2X7R antibody and an anti-ERK1/2 antibody as a loading control. Alternatively, whole SMGs from wild-type or P2X7R Ϫ/Ϫ mice were snapfrozen, cut into 5-m sections, and subjected to immunohistochemical analysis using an anti-P2X7R antibody (B; red) and Hoescht nuclear stain (blue) or anti-P2X7R antibody (C; red), anti-aquaporin 5 antibody (green) and Hoescht nuclear stain (blue). Images represent results from 3 independent experiments. Scale bar ϭ 10 m.
C5 (36) and highlight a possible mechanism by which chronic P2X7R activation might stimulate autoantigen formation and release from salivary gland cells that is phenotypic of SS patients (54) .
ATP or BzATP increases caspase-1 and caspase-3 activities in SMG cell aggregates from wild-type, but not P2X7R
Ϫ/Ϫ , mice. The caspase family of cysteine proteases has long been recognized for its role in the induction of apoptosis, and many studies (19, 24, 35, 41, 70, 99, 103, 104) have shown that caspase-1 and caspase-3 are crucial components of proinflammatory and apoptotic pathways. Previous studies (19, 70) indicate that P2X7R activation increases the activities of both caspases. Caspase-1 has been shown to promote the processing of inactive pro-IL-1␤ into active 17 kDa IL-1␤ in immune cells (25, 70, 88, 103) . Caspase-3 has been shown to catalyze the cleavage of protein kinase C␦, the DNA repair enzyme poly-ADP-ribose polymerase and ␣-fodrin (12, 24) . Both caspase-1 and caspase-3 reside in the cytoplasm as inactive proenzymes and are processed into their active forms in response to extrinsic (i.e., binding of Fas ligand, TNF␣, or ATP to their cognate receptors) or intrinsic (i.e., DNA damage, ␥-radiation, or mitochondrial stress) apoptotic stimuli (12, 24). Since our observations suggest that P2X7R activation initiates apoptotic responses (i.e., membrane blebbing and ␣-fodrin cleavage) in freshly isolated SMG cell aggregates from wild-type mice, we investigated the role of the P2X7R in the activation of caspase-1 and caspase-3 in SMG cell aggregates. Treatment of wild-type mouse SMG cell aggregates with 3 mM ATP or 0.3 mM BzATP significantly increased the activities of both caspase-1 and caspase-3, as measured by fluorometric analysis (Fig. 4, A and B) , and the levels of cleaved caspase-1 and caspase-3, as measured by immunoblot analysis (Fig. 4C) , compared with untreated control cells. Furthermore, the activation or cleavage (i.e., increases in cleaved p20 caspase-1 and p17/19 caspase-3) of both caspases by ATP or BzATP treatment was significantly attenuated in SMG cell aggregates from P2X7R Ϫ/Ϫ mice, whereas staurosporine-induced caspase-1 and caspase-3 cleavage was unaffected. Interestingly, P2X7R
Ϫ/Ϫ SMG cell aggregates have higher ATP-induced caspase-3 activity than BzATP-treated P2X7R Ϫ/Ϫ SMG cells. Since BzATP is a relatively selective agonist for the P2X7R and ATP activates multiple P2 receptor subtypes, we speculate that P2 receptors besides P2X7R can regulate caspase-3 activity in the SMG. Taken together, these data suggest that prolonged acti- vation of the P2X7R in salivary epithelium can initiate proinflammatory responses and cell apoptosis through the activation of caspase-1 and caspase-3, respectively.
Attenuated immune cell infiltration in BzATP-perfused and duct-ligated SMG of P2X7R
Ϫ/Ϫ mice, compared with wild-type mice. Previous studies (11, 42, 47, 51 ) using mouse models of lung inflammation and neuropathic pain have demonstrated improved outcomes upon knockout of the P2X7R. Moreover, the use of P2X7R antagonists in clinical trials for rheumatoid arthritis and inflammatory bowel disease underscores the importance of this receptor in chronic inflammatory diseases (3) . To investigate the role of P2X7R activation in salivary gland inflammation in vivo, we utilized the mouse model of unilateral SMG excretory duct ligation, a commonly used model of acute salivary gland inflammation (2, 10, 15, 31, 49, 81, 89, 98) . To activate the P2X7R in vivo, 20 l of 3 mM BzATP were perfused into the main SMG excretory duct of wild-type and P2X7R Ϫ/Ϫ mice followed by duct ligation and after 24 h the glands were histologically analyzed, as described in MATE-RIALS AND METHODS. Significant neutrophil infiltration was observed in the SMG of wild-type, but not P2X7R Ϫ/Ϫ , mice, as judged by staining with the neutrophil-specific antibody NIMP-R14 (Figs. 5, A and B) . Furthermore, staining for the monocyte/macrophage-specific protein CD68 revealed signifi- Ϫ/Ϫ mice were treated at pH 7 with 3 mM ATP, 0.3 mM BzATP, or vehicle for 3 h at 37°C. Cells were collected by centrifugation and caspase-1 (A) or caspase-3 (B) activity was quantified using fluorometric analysis, as described in MATERIALS AND METHODS. Data represent means Ϯ SE (n ϭ 4), where *P Ͻ 0.05 indicates a significant difference from basal caspase activity, whereas #P Ͻ 0.05 and ##P Ͻ 0.01 indicate significant differences from ATP/BzATP-induced caspase activity in wild-type SMG. C: alternatively, SMG cell aggregates were treated at pH 7 with 0.3 mM BzATP, 3 mM ATP, 1 M staurosporine, or vehicle for 24 h at 37°C. Cells were collected, and samples were subjected to immunoblot analysis using anti-caspase-1 or anti-caspase-3 antibody, as described in MATERIALS AND METH-ODS. Blots represent 3 independent experiments with similar results. cant monocyte and macrophage infiltration in the SMG of wild-type mice relative to P2X7R Ϫ/Ϫ mice (Fig. 5, C and D) . Decreased T-cell infiltration was observed in P2X7R Ϫ/Ϫ SMG relative to wild-type SMG, although T cells represented only a small proportion of the infiltrating immune cells, as judged by staining for the T-cell-specific protein CD3 (data not shown). For a more quantitative analysis of immune cell infiltration in the BzATP-perfused ligated glands, we performed RT-PCR on whole SMG cell lysates using specific primers for the neutrophil marker Fc gamma RIII (Fcgr3), the macrophage marker Iba1, and the pan-immune cell marker CD45 (also known as protein tyrosine phosphatase receptor type C). The results indicate a significant increase in CD45, Fcgr3 and Iba1 expression in the BzATP-perfused ligated wild-type SMG, compared with the contralateral control (Fig. 5E ). These increases were significantly attenuated in the BzATP-perfused ligated SMG of P2X7R Ϫ/Ϫ mice (Fig. 5E ). In agreement with previous studies (11, 42, 47, 51) using other in vivo models of inflammation, these results suggest that P2X7R activation in SMG cells in vivo can initiate cellular mechanisms that enhance immune cell infiltration into salivary glands.
P2X7R activation by BzATP perfusion induces apoptosis in wild-type SMG. Numerous studies (5, 33, 34, 44, 45) have indicated that apoptosis of salivary gland epithelial cells contributes to salivary gland dysfunction. The presence of apoptotic salivary gland epithelial cells in minor salivary gland biopsies has been reported in a number of patients with SS (40, 82, 87) . In a mouse model of ␥-radiation-induced salivary gland damage, studies (5, 44) suggest that apoptosis of acinar cells is a major contributor to salivary gland dysfunction, since inhibition of apoptosis was shown to restore function. P2X7R activation has been linked to apoptosis of a variety of cell types (79, 86, 90, 96, 104, 107, 108) , and our in vitro data indicate that P2X7R activation initiates apoptotic events in freshly isolated SMG cell aggregates from wild-type mice (Figs. 2-4) . DNA damage is a hallmark of late stage apoptosis, and the TUNEL assay has been shown to be a sensitive indicator of DNA damage in apoptotic cells (7) . To investigate whether P2X7R activation induces apoptosis in salivary gland epithelium in vivo, BzATP-perfused ligated SMGs from wild-type and P2X7R
Ϫ/Ϫ mice were subjected to the TUNEL assay, as described in MATERIALS AND METHODS. The results indicate that BzATP perfusion significantly increases the number of TUNEL-positive cells in duct-ligated SMG of wild-type, but not P2X7R Ϫ/Ϫ , mice, compared with their respective contralateral control glands (Fig. 6, A and B) . This suggests that prolonged P2X7R activation in salivary gland epithelium in vivo can cause late stage apoptosis.
DISCUSSION
In recent years, the P2X7R and its endogenous ligand ATP have gained recognition as initiators of inflammation associated with several chronic diseases, although little is known about the role of this receptor in salivary gland inflammation. In this study, we demonstrate that activation of the P2X7R in primary SMG epithelial cells from wild-type mice induces apoptotic responses including sustained increases in the are absent or significantly diminished in SMG cells from P2X7R Ϫ/Ϫ mice (Figs. 2-4) . Furthermore, this study indicates that in vivo activation of the P2X7R by perfusion of SMG with the high affinity P2X7R agonist BzATP promotes neutrophil and macrophage recruitment subsequent to SMG duct ligation, an accepted mouse model of acute inflammation, since neutrophil and macrophage infiltration into BzATP-perfused and duct-ligated SMGs is significantly reduced in P2X7R Ϫ/Ϫ mice (Fig. 5) . These results suggest that activation of the P2X7R in the salivary gland may be an initiator of inflammatory responses associated with SS and ␥-radiation-induced salivary gland damage resulting from the treatment of head and neck cancers.
eATP is now recognized as an important signaling molecule that initiates an array of physiological responses, including neurotransmission, immune cell recruitment, regulation of vascular and muscular tone, and perception of pain through the activation of cell surface P2 receptors (8, 18, 74, 85, 92, 95) . Under normal conditions, the concentration of eATP, the endogenous P2X7R agonist, is tightly regulated by ecto-ATPases that rapidly hydrolyze eATP (16, 52, 55) . However, in the event of tissue damage, disease, or stress, the concentration of eATP rises significantly resulting in cell death by either necrosis or apoptosis, depending on the magnitude and location of ATP release (18) . In the microenvironment surrounding a cell, eATP levels likely increase to concentrations sufficient to activate the P2X7R (8, 65) . Many studies have shown that the P2X7R is responsible for initiating inflammatory responses and promoting cell apoptosis in a variety of cell and tissue types (8, 25, 46, 74, 83, 84, 107) and proinflammatory cytokines (i.e., TNF␣ and IFN␥) associated with inflammatory salivary gland disease (i.e., SS) can increase the cellular release of ATP (43, 102) , which likely activates P2X7Rs expressed on acinar and ductal cells of the SMG (Fig. 1) . Studies in other laboratories indicate that ATP is also released from cells in response to ␥-radiation (61), suggesting a possible role for eATP and P2X7R-mediated cell apoptosis in ␥-radiation-induced damage to the salivary gland associated with some cancer therapies (27) . Recently, it has been demonstrated that activation of the P2X7R can mediate ATP release through interaction with a pannexin hemi-channel (64), thus elaborating an autocrine/paracrine mechanism whereby eATP-induced activation of the P2X7R can prolong inflammation, which likely contributes to tissue degeneration in inflammatory diseases (11, 42, 47, 51) . Since P2X7R activation causes sustained increases in [Ca 2ϩ ] i (Fig. 2C ) and has been shown to inhibit cholinergic receptor-mediated saliva secretion (58, 60) , we speculate that prolonged eATP-mediated P2X7R activation in vivo can lead to salivary gland dysfunction both by inhibiting saliva secretion and by enhancing inflammatory responses and cell apoptosis in salivary glands. A better understanding of the pathophysiological consequences of prolonged P2X7R activation in damaged and diseased salivary glands could lead to novel approaches for the treatment of salivary gland hypofunction.
Studies in our laboratory and other laboratories (23, 32, 77, 105) have shown that brief stimulation of P2X7Rs by ATP 4Ϫ can induce depolarizing currents that lead to reversible formation of plasma membrane pores to normally impermeant molecules, whereas prolonged activation of P2X7Rs initiates apoptosis, a highly regulated process of programmed cell death characterized by membrane blebbing, pore formation, and DNA fragmentation (35, 57, 63, 66, 69, 76, 108) . Membrane blebbing occurs when sections of the plasma membrane reversibly protrude and retract at the cell surface (69) . Our data show that ATP causes rapid (Ͻ 5 min) membrane blebbing in SMG cells of wild-type, but not P2X7R Ϫ/Ϫ , mice (Fig. 2, A and B Ϫ/Ϫ mice were subjected to retrograde perfusion of the SMG main excretory duct with 3 mM BzATP followed by duct ligation, as described in MATERIALS AND METHODS. After 24 h, the SMGs were removed, snap-frozen, and sectioned. A: presence of apoptotic cells was assessed using the terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL)-based in situ cell death detection kit, as described in MATERIALS consistent with studies using P2X7R-transfected HEK293 cells and RAW 264.7 macrophages that demonstrate the dependence of P2X7R-mediated membrane blebbing and pore formation on sustained increases in [Ca 2ϩ ] i and activation of Rho, Rho kinase (i.e., ROCK1), and caspase-1 (13, 35, 57, 63, 66, 69, 103) . In addition to contributing to cell apoptosis, P2X7R-mediated membrane blebbing induces the release of microvesicles and microparticles that can act as chemoattractants for the recruitment of immune cells (67, 69, 70, 72) . These microparticles contain bioactive cytokines, soluble proteins, and plasma membrane-derived fragments (56, 91) , one of which is ␣-fodrin, a membrane-associated cytoskeletal protein suggested to be an autoantigen that contributes to the development of SS (54) . Our data show that ATP or BzATP treatment of wild-type mouse SMG cell aggregates significantly increases the release of a 120-kDa fragment of ␣-fodrin relative to P2X7R Ϫ/Ϫ mice (Fig. 3) . These observations are in agreement with previous studies using Par C5 cells derived from rat parotid gland that demonstrate the induction of membrane blebbing (35) and the degradation of ␣-fodrin (36) in response to ATP or BzATP. Our results with freshly isolated mouse SMG cell aggregates give strong support to the hypothesis that P2X7Rs can contribute to salivary gland dysfunction by enhancing membrane blebbing and autoantigen production.
In addition to inducing plasma membrane blebbing, P2X7R activation by ATP or BzATP initiates apoptosis by stimulating the activities of caspase-1 and caspase-3 (Fig. 4) , members of a family of cysteine proteases known to initiate cell apoptosis (24, 99) . P2X7R-mediated caspase-1 activation in immune cells has been shown to regulate the maturation and release of the proinflammatory cytokine IL-1␤ (19, 25, 70, 88, 103) . IL-1␤ is an important modulator of inflammatory processes (20) and has been shown to be upregulated in the labial salivary glands of SS patients, compared with salivary glands of control subjects (62, 75) . The mechanism by which the P2X7R mediates caspase-1 activation is through assembly of the NLRP3 inflammasome (8, 19, 46, 70) , a multiprotein complex that regulates inflammatory responses (38) . Caspase-3, the principal caspase involved in apoptosis, is stimulated by P2X7R activation in a variety of cell types (35, 41, 103, 104) , consistent with our results using SMG cell aggregates (Fig. 4) . Interestingly, several studies have shown that ␣-fodrin is a major substrate cleaved by caspase-3 during apoptosis (12, 24) , suggesting that P2X7R-mediated caspase-3 activation (Fig. 4) is directly related to enhanced ␣-fodrin production in mouse SMG cell aggregates treated with ATP or BzATP (Fig. 3) .
The induction of acute salivary gland inflammation by ligation of the primary SMG excretory duct has been used by our group and others (2, 10, 15, 31, 49, 81, 89, 98) for many years as an in vivo model of salivary gland dysfunction. Studies (10, 15, 31, 49, 81, 89) of duct-ligated salivary glands have demonstrated a progressive atrophy of acinar cells, loss of saliva flow, and infiltration of immune cells within 24 h of ligation. Results from the current study demonstrate that BzATP perfusion of the main SMG excretory duct before a 24-h duct ligation induces significant immune cell infiltration, a response mediated by the P2X7R since it is absent in SMG of P2X7R Ϫ/Ϫ mice (Fig. 5) . We speculate that P2X7R activation contributes to immune cell infiltration through caspase-1-mediated IL-1␤ production and/or caspase-3-mediated autoantigen production. Since P2X7R-mediated cell apoptosis was detected in BzATP-perfused and duct-ligated SMGs of wildtype, but not P2X7R Ϫ/Ϫ , mice (Fig. 6) , it seems likely that caspase-1 and caspase-3 activation and membrane blebbing are early apoptotic responses to P2X7R activation in SMG which, along with immune cell infiltration, likely contribute to salivary gland degeneration under a variety of pathological conditions. These findings are consistent with studies (11, 42, 47, 51) using in vivo mouse models of lung inflammation, pulmonary fibrosis, and neuropathic pain, which demonstrate that deletion of the P2X7R can decrease inflammatory responses. Further studies using other in vivo mouse models of salivary gland inflammation (i.e., ␥-radiation-induced salivary gland damage or mouse models of autoimmune exocrinopathy) are needed to assess the contribution of P2X7R-mediated responses to salivary gland dysfunction.
In conclusion, this study demonstrates that the proinflammatory and apoptotic responses arising from acute salivary gland inflammation are mediated by P2X7R activation, highlighting the possible roles of ATP release and P2X7R activation in degenerative diseases of the salivary gland, such as SS, and identifying the P2X7R as a potential therapeutic target in the treatment of salivary gland hypofunction.
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